Protooncogene fos is rapidly and transiently induced by nerve growth factor (NGF) in rat pheochromocytoma PC12 cells. Two adjacent promoter elements have been identified to mediate the NGF response. One element colocalizes with the serum response element (SRE) centered at position -308, previously shown to confer inducibility by serum, phorbol 12-myristate 13-acetate, and epidermal growth factor, whereas the other element, termed SRE-2, maps -20 base pairs downstream of the SRE and contains several sequence repeats. This element also confers serum responsiveness. Gel mobility shift assays have demonstrated that there are specific nucleoprotein complexes associated with each element and that these exist in the cell prior to NGF induction. The NGF response is independent ofthe cAMP-regulatory element(s) and does not require cAMP-dependent protein kinase II, as induction by NGF is retained in the mutant PC12 cell line A126-1B2. Finally, the human heat shock HSP70 promoter is also transcriptionally activated by NGF and appears to bind the same nuclear complex as the SRE-2 element of the c-fos promoter.
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The fos protooncogene encodes a nuclear phosphoprotein whose altered expression can lead to cell transformation (1) .
Expression of the c-fos gene is rapidly induced by a large array of mitogenic and differentiation-specific agents (1) . The fos-encoded protein appears to act as a transregulator of transcription by interacting with nuclear factors such as AP-1 (2, 3) .
The polypeptide nerve growth factor (NGF) is essential for the survival, development, and differentiation of sympathetic and sensory neurons (4, 5) . Rat pheochromocytoma PC12 cells are adult chromaffin-like cells that, in the presence of NGF, acquire the properties of sympathetic neuron-like cells, including neurite outgrowth, increased electric excitability, and changes in neurotransmitter synthesis (4) . The genetic response to NGF in PC12 cells is reflected in the transcriptional induction of several genes belonging to different classes. c-fos (6) (7) (8) , P-actin (6, 8) , and NGF1-A (9) are among the early response genes whose transcription is activated. Their induction is rapid but transient and is independent of new protein synthesis. Other genes whose expression is altered by NGF, but at a later time, include c-myc (6, 8) , ornithine decarboxylase (6, 8) , (10) , the neural-specific gene product SCG10 (11) , and several neurofilament subunit genes (12, 13 
MATERIALS AND METHODS
Recombinants FC4 (-404) and FC7 (-240) have been described (16 (17) . PC12 and A126-1B2 cells were grown and transfected as described (7, 18) . CAT activity (19) was quantified by densitometric scanning of autoradiograms. Nuclear extracts from PC12 and HeLa cells were prepared as described (20) , with final protein concentrations ranging from 2 to 4 kkg/,ul.
Gel shift analysis was performed as described (3) . ionophore A23187, and agents that elevate intracellular levels of cAMP (6-8, 18, 21) . There have been conflicting reports as to whether cAMP is a mediator of the NGF response in PC12 cells (22) (23) (24) . To further investigate the relationship between the cAMP-and NGF-induced pathways, we proceeded to characterize the NGF-and cAMP-responsive sequences within the human c-fos promoter. Constructs Proc. Natl. Acad. Sci. USA 85 (1988) 9475 containing sequential deletions of the c-fos promoter linked to the bacterial reporter gene CAT were transiently transfected into PC12 or A126-1B2 cells, which were then treated with either NGF or forskolin. The A126-1B2 cell line is a mutant PC12 cell type that lacks cAMP-dependent protein kinase II activity but has normal levels of the type I activity (25) . A 12-fold induction by NGF (Fig. 1A, lanes 1 and 2) was observed after transfection of FC4 (-404 bp of c-fos upstream sequence), whereas FC7 (-240 bp of upstream sequence) showed no response (lanes 3 and 4) . When the same plasmids were transfected into A126-1B2 cells, a similar response was observed (lanes [5] [6] [7] [8] , demonstrating that cAMP-dependent protein kinase II does not mediate the transcriptional activation by NGF. Fig. 1B shows that the FC4 and FC7 constructs were activated by forskolin treatment in PC12 cells (lanes 1-4), indicating that the cAMP response element(s) (CREs) of the c-fos promoter is located downstream from position -240 (18) . Thus, the c-fos promoter sequence requirements for the cAMP and NGF responses do not overlap. Furthermore, little or no induction by forskolin was apparent in the A126-1B2 cell line ( additive effect on transcriptional activation between the distinct c-fos promoter elements conferring responsiveness to NGF and cAMP. In the presence of both of these agents, a further 4-fold induction (Fig. 1C, (27) , resulting in a stronger response, before diverging again to activate their respective nuclear effectors.
RESULTS
Two c-fos Promoter Elements Are NGF Responsive. Deletion analysis of the c-fos promoter showed that a region between positions -404 and -240 (Fig. 1A) contains the NGF response element. This region contains several promoter elements required for basal and induced expression as described in Fig. 2A . To further delineate the sequences required for NGF responsiveness, a series of constructs in which small fragments (Fig. 2B) (14, 15, 29) to bind a nuclear factor, the serum-responsive factor (SRF), now purified to apparent homogeneity (30, 31) . There is a direct correlation between the ability ofthe SRE to confer serum and PMA responsiveness in vivo and the ability to bind the SRF in vitro (15, (32) (33) (34) (Fig. 2B ). Gel retardation assays using labeled F and G fragments and PC12 nuclear extracts show two prominent bands (Fig. 3B,  lanes 1 and 4) . These may correspond to monomeric and dimeric forms of the binding proteins, possibly due to the repetitive and symmetric nature of the elements (Fig. 2A ). An excess of the unlabeled heterologous competitors, F and G, does not interfere with binding to the SRE-2 and SRE, respectively (lanes 2 and 5), whereas the homologous competitors inhibit complex formation with the probe (lanes 3 and (Fig. 2B) 6 ). These results further indicate that the protein complexes are specific for their respective elements. The HSP70 Promoter Region Is Also NGF Responsive and Binds the SRE-2 Nucleoprotein Complex. Transcription from the human heat shock promoter (HSP70) is induced by serum (17) . We have already noted scattered sequence identities between fragment G of the c-fos promoter and the -110/ -120 to -132/-140 region of the HSP70 gene (see also Fig.  4A; ref. 3) . Transient transfection assays in PC12 cells with a HSP70/CAT fusion construct demonstrated NGF inducibility (Fig. 4B, lanes 3 and 4) . The results for serum responsiveness in NIH 3T3 cells are also shown (lanes 1 and  2) . In vitro binding studies using the HSP70/CAT plasmid as competitor in reactions with PC12 cell extracts and c-fos fragment D as probe (Fig. 2B) showed a specific decrease in the formation of complex c (Fig. 4C, lane 2) , which was not observed with the promoterless vector (pCAT) (lane 3). As described previously, the formation of complex c is specifically inhibited by using fragment G as competitor. These data indicate that the c-fos SRE-2 element and HSP70 promoter bind a common transcriptional factor(s) that is likely to be involved in NGF and serum induction.
DISCUSSION
The immediate-early response genes are potentially implicated as playing a role in initiating the differentiation program elicited by NGF in PC12 cells. Interestingly, several genes of the early response class have been found to play a role in transcriptional regulation. For example, the c-fos protein is associated with nuclear factor AP-1 and has pleiotropic transcriptional functions (2, 3) . In another early response gene, NGF1-A, the presence of zinc-binding fingers and the sequence homology with other transcription factors suggest it may also have a regulatory function (9) . However, it has yet to be determined whether the c-fos and NGF1-A products directly regulate the expression of the neural-specific genes whose transcription is induced by NGF.
Our studies have identified two elements in the c-fos promoter that mediate NGF induction, the SRE and a regulatory element adjacent to the SRE, designated SRE-2. The SRE has recently been shown to be responsive to NGF and fibroblast growth factor (21) . We have demonstrated binding of distinct nucleoprotein complexes to the two elements found to be NGF-and seruminducible. Two complexes specific for the SRE-containing promoter region were identified, one of which has previously been shown to contain the SRF (Fig. 3A) . The nature of the protein complex specific for the SRE-2 has yet to be identified but is clearly different from the SRE-binding proteins. The two fragments F and G, containing the SRE and SRE-2, respectively, are independently capable of conferring serum and NGF responsiveness to a heterologous promoter (see Fig. 2 ). The human HSP70 promoter was also transcriptionally activated by NGF. The data suggest that the same nuclear factor(s) is involved in binding the SRE-2 and the homologous region in the HSP70 promoter.
The relative importance of two adjacent elements in the inducibility by NGF and serum, and possibly by other growth factors, remains unknown. It is conceivable that they are alternatively regulated by growth factors in a cell-specific manner in cell types other than PC12 and NIH 3T3. The two elements do not appear to cooperate in transcriptional activation, since fragment D, which contains the SRE and SRE-2, does not show an additive effect-in activating the TK promoter with respect to the individual fragments F and G (see Fig. 2B ). Recently, the SRE and SRE-2 regions of the c-fos promoter were identified as independent targets of the repression exerted by the c-fos protein (3) . AP-1 (38, 39) , and the heat shock-inducible factor (40) .
Two pathways have been implicated in modulating c-fos gene expression: the adenylate cyclase pathway and the protein kinase C pathway. We have evidence that'the c-fos CRE centered at position -60 is activated by increased cAMP levels and binds the purified factor CREB (18) . In contrast, PMA and growth factors act by way of the c-fos SRE; PMA is known to activate protein kinase C, whereas several growth factors have been postulated to operate through this pathway since receptor activation leads to an increase in phosphoinositol turnover in many cases. The pathway leading to activation of the SRE-2 remains to be determined, although it is likely to be distinct from the cAMP-dependent pathway since the SRE-2-containing plasmid (pGtk) is not cAMP inducible-after transfection in PC12 cells (unpublished 
